This paper presents the results of a shore load investigation undertaken in three construction sites in Sydney. The actual and theoretical axial loads occurring among shores in scaffold-type formwork supporting systems were determined and compared. In total, ten pour areas were investigated, accumulating valuable data. Both dead and live construction loads were measured prior to, during and post concrete pour.
INTRODUCTION
Many studies have shown that failures of reinforced concrete structures that occur during their construction phase are often traceable to the collapse of formwork shoring systems (Hadipriono and Wang, 1987) . While the load-carrying capacity of shoring structures can now be determined quite accurately using tests or advanced numerical methods (e.g. Peng et al., 2007) , the loads applied to the shoring structures are highly unpredictable. Compared with the loads during service life of buildings, shore loads are particularly poorly understood and only limited studies have been conducted for shore loads (Fattal, 1983; Rosowsky et al., 1994; Ikä heimonen, 1997; Puente et al., 2007) . These limited shore load surveys demonstrated the significant uncertainties in shore loads. Partly because of the lack of statistical data for shore loads, the current design of shoring structures does not have a rational probability-based design basis similar to that used for buildings and bridges. This paper presents a two-year long shore load monitoring investigation undertaken in Sydney, Australia. The study aimed to investigate the probabilistic characteristics of shore loads by monitoring the vertical shore loads in three construction sites.
SHORE LOADS
This study only considers the vertical shore loads. The vertical shore load has two components, i.e., the dead load and live load effects. The dead load is due to the weight of concrete, formwork and reinforcement. Unlike the dead load of ordinary structures, the dead load on shores is a time-varying load because it increases as the concrete placement progresses. The maximum dead load is achieved at the end of pour. The live load consists of the weight of construction personnel, equipment, stacked material, and the effects of any impact during construction. The magnitude of live load depends on the stages of construction. The maximum shore load effect occurs when the dead load is full while the live load assumes its instantaneous value (Fattal, 1983; Ikä heimonen, 1997) . It is this companion live load that is of interest to the present study. The most critical time for the shoring system is typically during the process of concrete placement. A survey of falsework collapses has shown that 74% of falsework failures occurred during concrete placement operations. This stage of construction represents the critical condition for shoring system (Hadipriono and Wang, 1987) .
In design practice, the loads acting on shores are most often calculated using the tributary area method, assuming that the shores support the weight of the newly poured slab and a code-specified formwork design live load. It should be emphasized that the design live load on formwork may vary significantly in different standards. For example, ACI 347 (2004) specifies a design live load of 2.4 kPa for all construction stages, while in the Australian Standard for formwork for concrete AS3610 (Standards Australia, 1995) , the design live load varies for different construction stages; it is 1.0 kPa for the phase of concrete placement.
DESCRIPTION OF THE CONSTRUCTION SITES
Three construction sites in the area of Sydney were instrumented in the present study. The surveys were conducted between June 2011 and February 2013. The three reinforced concrete buildings are all post-tensioned one-way slab construction, with similar steel scaffolding-type formwork supporting systems. The general arrangement of the formwork supporting system (from top to bottom) was 17 mm soffit plywood, 95×65 mm LVL Joists and 150×77 mm LVL Bearers which spanned between Uheads and finally the bays of stick-type steel scaffolding which ranged in size from 1.0 to 1.83 m. The concreting methods were similar for the three sites. Concrete was pumped through a 0.1 m diameter hose by a group of 6 to 16 workers. 20 modified scaffolding U-heads were used for the site shore load measurements. Each modified U-head contained a strain gauge based stainless steel load cell with 100 kN capacity. Figure 1 demonstrates the typical configuration of the components used at site investigation. The first building under investigation was a 4 story shopping complex in Merrylands, Sydney. The typical slab thickness is 0.17 m. The depths of the beams vary from 0.32 to 0.7 m. Four separate pour areas were investigated on levels one and two of the building. Twenty shores were instrumented for each pour area, covering an area of approximately 50 m2. The locations of the load cells were selected to collect the information for the shores supporting the slabs, and also those supporting the beams. The second site was an eight-story car park in Mascot, at the Sydney International Airport. Two pour areas were investigated, each having an area about 70 m2. The slab thickness was 0.15 m and 0.19 m for Pour 1 and Pour 2, respectively. Site 3 was a 5 story car park and shopping center structure, located in Western Sydney. Four separate pour areas were investigated across 3 levels of construction. The average area for a surveyed pour is 55 m2. In summary, ten pour areas of three construction sites were investigated. For each pour area, 20 shores were instrumented to record the shore load prior to, during and post concrete pour, for a period of at least 24 hours. In a number of cases some load cells did not record the shore loads because the load cell cable connectors were snapped accidentally by the formworkers. In total 188 shore load data were accumulated. In the following discussion, we use "SiPj" to denote Site i, Pour j. 
RESULTS AND ANALYSIS
Figure 2 plots the shore load histories for a typical pour area (S2P2). These figures give a good indication of the amount of vertical loads experienced by each of the 20 instrumented shore columns during the phase of concrete placement and also a few hours after placement. The shore load increases as the concrete placement progresses. The maximum shore load occurs when the dead load is fully developed while the live load assumes its instantaneous value. The maximum shore load may occur at two points in time: a) near the end of the pour when there is live load effect due to construction activities, or b) a few hours after pouring when "power trowelling" occurs. Power trowelling is a process of working the concrete surface free from moisture using a motorized buggy with trowel blades on its base. This process typically occurs 4 -10 hours after the pouring of concrete for duration of 2-6 hours. The process of power trowelling induces a live load into the shores, which is evident as short sharp spikes in Fig. 2 . These peaks are consistently 150-240 kg which is approximately equal to the weight of the power trowel machine and the operator. However, some smaller peaks were observed since the weight of the power trowel is often distributed over a number of shores.
Shore Dead Load
Because the tributary areas may be different for different shores, a more useful representation of the shore loads is to use the relative load, i.e., the ratio between the load from the survey and the nominal load which would be used in design practice. This measured-to-calculated ratio can indicate the variabilities in the shore loads, and also the accuracy of the tributary area method.
In calculating the nominal shore dead load, the concrete density was determined on an average of each truck load by the supplier. The weight due to formwork was determined based on the information from the formwork contractor, and was estimated as 0.5 kPa for all sites. The weight of reinforcement was determined by analyzing the reinforcement drawing provided by the steelwork subcontractor and was estimated as 0.4 kPa for all sites.
The minimum, maximum, mean and COV of the relative dead loads of the 20 instrumented shores in each pour are summarized in Table 1 . The fact that the mean relative dead load is around 1.0 for all ten pour areas indicates that the surveyed dead loads, on average, agree well with the predicted nominal values. If the data from the 3 sites are lumped together (a total of 188 samples), the relative dead load has a mean of 1.05. Table 1 also shows there is significant non-uniformity in the dead load effect among a group of shores in a common pour area. Take S1P4 as an example, although the mean of the relative dead load is nearly unity, its COV is 0.234; the maximum and minimum relative dead loads among the 20 shores are 1.395 and 0.595, respectively. Similar observation of relatively large uncertainty in dead load was also made in other pour areas. The COVs of the relative dead load for the 10 pour areas vary from 0.08 (S3P4) to 0.33 (S1P2). The overall COV is 0.22 for the combined data from the 3 sites. A normal distribution appears to be a good fit to the relative dead load. Table 2 compares the statistics for shore dead load obtained from this study and past investigations. It can be seen that all these surveys gave comparable results: the dead load has a mean to nominal ratio close to unity, with a COV about 0.3. The weight of wet concrete has a typical COV of 0.1 (Ellingwood et al., 1982) , which is much less than the variability observed in the dead load on shores. The reason for this additional uncertainty may be related to the imperfections in the shore installations such as lack of bearing between the shores and the formwork/bearer beams, as suggested by a number of studies (Fattal, 1983; Rosowsky et al., 1994 ; Ikä heimonen, 1997). The present investigation found that the gap between the U-head interface of the top jack and the timber bearers can occur even after the practice of laser levelling of the formwork system has been performed. In some cases, it was found the U-heads were actually 5-10mm below the timber bearers, as shown in Fig. 3 . It appears that under current normal construction practice, a COV of 0.30 is representative for the dead load effect on the shores. 
Shore Live Load
Among the 188 shore data acquired, the maximum shore loads occurred at the end of the pour in about 57% of the cases, and during the process of "power trowelling" in the remaining cases. Table 3 summarizes the relative shore live loads (measured-to-calculated ratio) for the three sites. Table 3 . For the total 188 data, the COV for the relative live load effect is 0.46. The mean of the relative live load effect depends on the live load criteria in a specific standard; it is 0.81 if the nominal shore live load effect is calculated assuming a uniform live load of 1.0 kPa applied on the formwork as specified in AS3610 (Standards Australia, 1995) . If ACI 347 is used (a design formwork live load of 2.4 kPa), the mean of the relative live load would change to 0.34 (0.81/2.4). This suggests that the design live load in ACI 347 is quite conservative for this stage of construction. Table 2 shows that higher COV's (about 0.7) for shore live loads were observed in other investigations (Fattal, 1983; Ikä heimonen, 1997) . This may be because in those investigations the concrete was placed using the crane-and-bucket method, which is known to produce higher dynamic load effect.
SUMMARY AND CONCLUSIONS
Vertical shore loads during concrete construction were measured in three construction sites in Sydney. The study focused on the stage of concrete placement as this is the most critical time for the safety of formwork-supporting structures. The results of this study are comparable to the past shore load survey data. The following findings can be made:
(1) During this stage of construction, the dead load effect is the dominant component of the shore loads, and the live load effect is very small as compared with the dead load effect.
(2) The maximum shore load effect occurs when the dead load is full while the live load assumes its instantaneous value. The maximum shore load may occur at two points in time: a) near the end of the pour when there is live load effect due to construction activities, or b) a few hours after pouring when the power trowel machine is operating on the newly poured slab. (3) The mean of the dead load effect is near to the nominal dead load effect calculated by the tributary area method. The dead load effect has a typical COV of the order of 0.25 to 0.3. This relatively high COV in shore dead load effect is not only due to the randomness in the weight of wet concrete and formwork, but more due to the imperfections in the shore installations such as lack of bearing between the shores and the formwork/bearer beams. (4) The shore live load effect has a high variability; its COV is of the order of 0.4 to 0.7, depending on the method of concreting.
